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Government purposes.
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IONIC CLUSTER MASS SPECTROMETRY. |. DETECTION AND
IDENTIFICATION OF AIRBORNE ORGANIC VAPORS AND
ESTABLISHMENT OF OPERATIONAL MECHANISMS IN
THE IONIZATION DETECTOR SYSTEM

L INTRODUCTION.

The study of proton ion/dipole clusters in the gas phase!*¢ has been extended in
connection with the search for new concepts in chemical agent (and other atmospheric
contaminants) detection. The result has been an analytical technique called lonic Cluster Mass
Spectrometry (ICMS).5 ICMS is akin to the technique of chemical ionization (CI) mass
spectrometry in that both concepts rely upon the mass analysis of ions that are products of
ion-molecule reactions occurring in a reactant gas in the ion source. At atmospheric pressur: in
the ion source the technique has been termed Atmospheric Pressure lonization (API) Mass
Spectrometry.® Users of APl must take care to insure that the jon source is as frec as possible of
water vapor which will interfere with the ionization of the ultratrace amounts of samples te be
analyzed. ICMS employs moist air as the reactant gas at ion source pressures of 10 mmHg to
I atmosphere. The sample may be introduced into a clean, moist airstrcam or the sample plus
reactant gas may constitute ambient atmosphere. Sample/reactant gas ratios may be as low as
5 mole parts in 1010,

During the study to date of ICMS no fragmentation of sample molecules has been
observed, only increases in sample mass by protonation and hydration. Since only cluster ions
are observed the term ICMS is more descriptive of this mass-spectrometric-analysis technique.

Mechanisins, rate constants, and enthalpies of formation for ion clusters u* (“20)11
(derived from ion molecule reactions initiated by the primary ions N§ and (’)3) have been
established where the primary ionization source has been electron irradiation,”-% in flowing
afterglow experiments,? and in corona discharges.5:1 011 For the ICMS technique, the hydrated
proton species serve as precursors for clusters H* (Hzt))n(A)m which represent the qualitative
and  quantitative indicators of the trace compound A, The mechanism of formation of
"+("20)n1("\):\x is not dependent upon the method of formation of primary ions, i.¢. electron
impact (ED or electrical discharges. The sensitivity of the technique is, however, dependent upon
the rate of formation of the primary ions, the water vapor concentration, and the pressure of the
reactant gas. A corona discharge was selected tor most of this work because it is an extremely
intense source of primary ions. A tritium § source proved to be a much more stable source of
ions,

Some of the resuits of the ICMS studies have been applicd to the establishiment of
the response mechanisms in the lonization Detector System (IDS) now under development tor
the Avmy and the Air Force. The basic field unit, as it exists to date, has been developed by
Minnecapolis Honeywell, Inc. The mechanistn by which the IDS selectively responds to chemical
agents in the atmosphere has not been fully understood. The construction details, seasitivity, and
specificity of the system have been given in a contractor report.! 2




I.  EXPERIMENTAL.

Figure 1 is a diagram of the ICMS apparatus. lons produced in a corona discharge or
as a result of ion-molecule reactions (formed at room temeprature, ~ 25°C) diffuse through a
pinhole into a vacuum chamber where they are focused into a quadrupole mass spectrometer. lon
detection is accompiished with an electron multiplier coupled to a high-speed picoammeter or
clectrometer amplificr.
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Figure 1. Schemutic Diagram of the ICMS Apparatus

Air or nitrogen containing trace quantitics of water vapor and the substance to be
analyzed flow into the ion source ~ a coroni discharge cylinder at C. The discharge i established
between a 90% Pt ~ 10% Rh wire, O.08-mm-diameter, and a statnless steel eylinder, 1 2-mm-i3,
located coaxial to one another. The discharge current is maintained at {Qua (for alf source
pressures) with a 6-kv variable power supply placed in series with a 4. 7-megohm current-iimiting
resistor. lons exit the source chamber by diffusion through an orifice, 35 microns in diameter,
located in the center of S and are subscquently wass-analyzed. '

Flow rate through the ion source is held constant for all pressurcs. Source pressures
are varied to allow a control of the collision rate and the subsequent appearance and/or
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disappearanee of 1onic species ot miterest. Analytical data is obtained when the source pressure is
hield constant and the sample concentration is variable.

A sketeh of a detection cell in the HDS m the vontiguration used in this work s
shown i figure 20 The system operates at atmospheric pressure. Air, heated to 60°C (the normal
operating temperature ot the 1S, is pumped through the cell at any desired flow rate. The cell
iv placed ina small oven so that 607C s maintaned throughout the cell. The airstream: passes
over a -Carie g-souree (titanium: tritide coated toib. The priumary ions, N; ():f, and ()-_,.;m‘
formed near the gsource by electron impact or electron attachment. A sequence of ion-molecule
reactions follows and equilibrium among ionie clusters s rapidly established. The minture of air
and ions then flows through a series of baftles to a Faraday cup ion collector, One end of the
Faraday cup s a grid to allow the air to Now through. The gsource which s in electrical contact
with the center manifold stud can be bused either positively, negatively, or maintained at ecto
putential with respeet to the collector. The on currents are measured with o picoamimeter.

B-SOURCE

| A 1
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Figure 20 Schematie Diagram ot an 1DS Cell

Trave concentations of samples are prepared o continuous How system by using
Jir dilution of vapor trom the componnd of intevest.




. RESULTS AND DISCUSSION.

A.  lonic Mass Spectrometry.

Specific ion species indicated in an onic cluster mass spectrum of dimethyl
miethylphosphonate are given in the table below.

Identitication of DMMP Spectral Elements

H*(H,0), 55 2.5
H*(H,0), 3 8.0
HY(H,0) 91 7.0
H'(H,0), 109 1.
H*(DMMP) 125 1l
HY(H,0), 127 1.0
HYDMMP) (H,0) 143 KN
HY(DMMP) (H,0), 161 8.5
HHOMMP), 249 43.2
Other - AN

This spectrum was taken using air as the reactant gas at 9 source prossurd of 130 memHy, .

[DMMP] = 0.0 ppm, and {H50] ~ 100 ppm. As canr be seen in the table, indicators of the trace
compound appear at m/e of [MW+ ] +n( mn. e H*(I)l\!&!i‘)ﬂi,t})". and’ at mée of
(MW + 1), e, WY (DMMP),, where ais 1 or 20 A cluster enntairing a single organic motecitle
is referred to as 2 monomer or hydmtcd monomer if it u.unlams water, those clustm vontaining
two organic molecules are called dimers » : : :

lons that appear under the category “other™ in- the table constitute backgronnd and
can be attributed to clusters formed with methanol and scetane - solvents used in cleaning the

apparatus. Consequently, a0 fragiment ions need or can be assigned to the speetral elements.,

Figures 3 and 4 illustrate the normalized ion intensitios versus presure of DMMP
and dimethyl sulfoxide (DMSO) systems in the pertinent high-pressure segions. Concentations of
DMMP and DMSO are approximately the same (0.6 awd 0.7 ppan rospectively) and [H O

~ 100 ppm. 1t will be noted that indicators of DMMP apprear at !owcr Pressres than those tor
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d
%
: PMSO and that the rates of Tormation of HY (DMSO), and HY (DMSO) are about the sume.
N Without evidence to the contrary, the mechanism of formation of ion clusters for both DMMP
and DMSO s assumed to e the same. However, for ion clusters formed from DMMP, the
; ) lormation of the proton-dimer has predominance over the formation of the proton-imonomer,
_ while for DMSO these two reactions have a parity in their probability of occurrence.
v v * A | A L g L1 T L { v L] v B
a5} 4 )
DMMP
\
\
3 \
04F o ]
: HINGOR™,
. . . o3fr .
_ S - N (OMMPUHO)
| s \
- S Q2 1
¥ g - - oy )
_ ) . e
kg SO S L O X*"“"s‘““‘*\‘x_”“"‘"?‘“r"* N A " A Y N A
e 40 & 80 100 120 140 160
i< 5 - wanky
Fagare 30 Fractional lon bytensitios
3} DMMP Versus Pressure
33 :'7-‘ :- s - T~ . ¥ Yy v - v
| - 3 *
- . T Q3 \ nomsu of ¢
g DMSO \
k ; Q2
ge. i .
3 L i
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Figure 4. Fractional on Intensities in
DMBO Versus Pressure
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Dipole moments for DMMP!PY and DMSO!'* are respectively 3.62 and 3.96 Debye
units; whereas their polarizabilities, computed from refractive indices, are 10.6 A3 and 7.9 A3,
An explanation for the apparent greater stability and case of formation of clusters containing
DMMP compared to DMSO may be interpreted as a greater influence of polarizability over dipole
moment. However, the refractive indices and densities of the two substances are such that the
difference in  their polarizabilities is primarily a function of their molecular  weights,
Consequently, while dipole moment and polarizability certainly influence cluster formation, it is
assumed that the greater number ot vibrational degrees of freedom resident in the DMMP
molecule impart a larger stability to its clustess when compared to those of DMSO. This
indicates, that within certain unspecified limits, the larger a dipolar molecule the more stable and
readily formed will be its jon clusters.

The guantification of the ICMS technique and its sensitivity with respect to trace
atmosphenie impurities is determined by studying ion cluster formation as a function of the
impurity coucentration at constant pressure. Figure § illustrates the dependence of various ionic
cluster concentrations upon DMMP at 140 mmHg. The plotted points indicate experimental data
and the smooth curves represent the results of numerically titting Kinetic cquations to the data.
For the curvefitting procedure, several reaction mechanisms were considered. The mechanism
restltingt in the best it is slightly different from one previously proposed® but, nevertheless, is
consistent - with  the gualitative  predictions  that can be drawn trom figures 3 and 4. This
mechanism and calculated rate constants are given below.

HY(H,0, + DMMP ——= HY(DMMP) (H,0) + (n-1) (H,0)
b= 188 X 1078 qmdgec!
HYOMMP) (Hy0) + DMMP e HYDMMP), + H,O

b= 300 X 1078 et aeet!

Ay
i
HUOMMPY, + M ST HHDOMMP) + DMMP + M

v
ke = 277 X 1071 e
he = 74 % 1078 qdgee!

The average deviation of the calculated points from experimental data is 12.4%.
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L bheregn achuc i n)u.'.

At concentrations near the threshold sensitivity the indicators of the trave impurities
are YA (HLO) whete A is animpurity: molecule. At higher concenteations, & few ppmy, the
e cluster mass spectrum consists only of the jonde cluston Il*(r\\“. where ois usuadly | oand
Y0 The  best osensitivity  that has been observed,  to date, s Q8 ppb o disopropyl
methyiphosphonate (DIMP),

B lonization Detector System,

tix now well undesstood  that the charge carviers inowondeed it at or near
atmospheric pressire, are e the forme of fonde clustess, tegardless ol the souree of primary
wnzation. s, theretfore, evident that rosponses in e TN are caused by changes in densttios
of wnie clusters as a function of teace impuarity concentration as an flows through the detection
eoll tigure 2 Phe cueront changes usially appear as msreases (inerease i positive on cluster
conventtation) when an impurity is introducod into a clean moist astesam,

Both positive and negative primary dons are tormed e the pgsouree egion ot the
detector cell amd resct with neuteal molecudas to ferm positively and nepatively clianged clustens
ln the absence of atmosphene aparities the positive clusters are u’m,mu amd the tegabve
clusters are pomarily U}(H.\U)n.“‘ Under these conditions, more positive clustess than negative
clusters reach the collector pet untt time. The net wesult is a positive curtent measuted at the
collector,

When inpurities are present in the an, ieactions between the impunty molecules and
the hvadrate clusters result e the replacemont of water e the clusters by the impunty, The

clustens thus produced are fager i size and, presimably, move stable.

Lo Qualitative Response Studies.

At the beginning of & series of patametvie studies on the TON, qualitative “satt™
testsy avere tun for appronimately o compowinds, In general, the THN esponses were positive, e,
there were inereases i the net positive clister concentrations at the vollector Some compotinds
swed e incicase i the net wegative won cureent texamples ate most chilot compouds) and
wie showaed o change in cell curent.

Eaamination of e wesponses of an homotogons series of pamany alvohols tiethy
thivugh o buty b showed that the ager the wpueity, moleente, the lager the cell aesponse 1t
winstlso poted that lange concettiations of amonia caused to cell wesponse. Anenii s hiwwn
o owvact vory well to foom anmonaswater wn clusters! ' and the cluster size distiibuiise o
essentrally  the same as that with ondy water present. The conclusions drawn from - thewe
abaivations wie (@) the lasger molecules torm fagger clustens and (0 since Tagwer clustens have
sl diftison velocities: nonmal o the low sticambines they have a geeater peobatnlity o
survivig the ow wgion and ncreasing the collector curivat.

Phe conchistons detned from the gualitative observiations e tested by measuning
the awespomse of the 1N o quantitative mintugey of soveral homologous sovtes of ampunty
corpaliuds,




Primary alcohols (methanol through n-pentanol) were studied at concentrations of
25 and S0 ppm. At cach concentration the order of response was n-pentanol > n-butanol
> n-propanol > ethanol > methanol. An ICMS analysis of methanol, ethanol, and n-propanol,
cach at a concentration of 25 ppm in air, shows that the alcohols readily react to form ionic
_ clusters H‘\(R()H)“(Hz())m and that the average mass of the clusters incroases with increasing
g molecular weight.

] . {5 A series of CW agent simulants (phosphonate esters) was studied as functions of
a - '- concentration and flow rate. The series consisted of diisopropyl methylphosphonate (MW 180),
: dicthyl cthylphosphonate (MW 106), dimethyl methylphosphonate (MW 124), and dimethyl
o hydrogenphosphonate (MW 110). The results for DIMP and DMMP uare shown in tigure 6. The
_— ' other members of the series were left out for the sake of clarity. As can be seen, the response
y 8 : increases to saturation with concentration. At any given concentration and flow rate the respounse
g 7 ‘ due to DIMP > DEEP > DMMP > DMHD.

Y 20 Img/m} Dimp

o i Oimp .
i R ' 1 lmolm. OMMP

R ( DMMP

: 184 -~

-

N ]

.....

CELL CURRENT (2107 gmp )
-

et

I S,

ol Y Y
v —a

1 P T
CONCENTRATION (ppm)

Figure 6. 1S Response Versus Concentration at Several Flow Rates
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Three amines were tested quantitatively and the same behavior was noted; namely,
the response of diisopropyl amine > dicthyl amine >> ammonia. B

The IDS response shows different response characteristics to acids. At low
concentrations the response decreasos (increases negatively) markedly. As concentration is
increased further the response passes through a minimum and then increases toward saturation.
The negative ion clusters are formed faster at lower concentrations and tend toward saturation
sooner than the positive ions. The magnitude of responses (both positive and negative) due to
the acids studied is butyric acid > acotic acid.

All of the quantitative work done so far shows that, within a homologous serics, the
larger molecules result in larger jon clusters and procedure greater IDS responses. Thus, the
quantitative studies scem to verify that the size of the ionic clusters, therefore, diffusion, plays a
predominant role in the IDS response mechanism.

Ditfusion Studies.

The effect of cluster size can be demonstrated by studying the IDS response to
water vapor at various airflow rates. Tho positive l+. negative 17, ion currents (+ and - 200 volts
source  bias) were measured as a function of flow rate, Q. up to about 8.5 &/min. The
rolationship between 1 and Q was empirically tfound to be

| = K.Q.‘/l

In the vicinity of the source of ionization the concentrations of positive and
negative ions is dependent upon temperature, pressure, and g-source activity, These parameters
are held constant so that the ion density in the ion source region is constant. The ion loss
mechanism in this region of the detector is primarily recombination which reduces both positive
and negative ion coneentrations by the same amount.

To a fisst approximation the cell geometry is considered as a straight cylindrical
tube of volume V (the effective internal volume of the baftle section of the cell) and radius v
(halt the average spuecing of the various components of the baffle section). A cortain number of
ions per unit arcs, Ny is introduced into the baftle section. Only radial diffusion is considered
since axial diffusion does not wesult in a loss of jons. The one dimensional diffusion vquation
with the approximation for small distance is

Nn X N

¢ '} ] BT

- —
Wbt | A T 2/

X, t) =

nx.) 2 the fon concentration at a radial distavee X from the tube axis at
time t attor the iaitial introduction of jons;

D = the diffusion coefticiont.




An jon is considered to be lost and theretore not able to reach the ion collector when it has
diftused through the distance, v (the radius of the approximating tube). The ion concentration at

the collector end of the tube is then given by

N()

2\/th

nQ) =

Integration of the above along the radial distance of diftusion provides the number of jons per

unit area at the collector,

/.r f" N, dx Nyt
J n(tdx = N¢t) = ) “"B‘:\/" ‘ 2:7nl)\

The equality of ratios tor jons per unit area, N, and ion congentration, n, can e made

NO _wt) v

e R

; -
N, Ny, /i
Theretore,

Ny T

2/t

nety =

The ton current at thoe collector is
len(t) qQ

whone

q = the electronic chaige (1o X 10719 colomty,

Therviore,

nyrqQ

3/elit

17




the time, t, is the residence time of particles in the tube and is V/Q. Substituting for t, the
positive or negative ion current at the collector is

noqu3/2

2\/1rDV

Thus, the average ionic diffusivity can be determined from the slope, K of a plot of I versus
Q3/2, n a typical IDS cell, r=0.038 cm and V = 0.19 cm3. Dimensions of the ion source region
are such that recombination of positive and negative ions is an efficient mechanism for ion loss
when jon concentrations are greater than 1.5 X 107 jon/cm3; below this concentration
recombination is unimportant. Therefore, the value chosen for ng is 1.5 X 107 ions/cm3 for both
positive and negative ions.

Then,

where
I is measured in ampores and Q in ¢/min,

Figure 7 represents the rosults of diffusion studies (I versus Q3/2) for moist air. At
low humidity, soparate and distinct curves are obtained for positive and negative ions. This
indicatos that the ncgative ions are smallor than the positive ions. When the humidity is
increased, ionic diffusivity decreases (larger ions are formed), and the curves coincide; oppositely
charged ions are essontially the same size. The valuos of diffusivities calculated from these data
agree vory well, uonmderlng the complexity of the acutal coll geometry, with typical ion
diffusivitios (0,06 cm2/sec) roported in the litorature,!6 and are summarized below.

Relative humidity (25°C) D* (em?/see) D™ (em? fsec)

15% 0.075 0.094
63% 0.052 0.052

92% 0.030 0.030

The observed decrease in D with humidity is consistent with the well-known fact that the
average size of hydrated-jon clusters incroasos with (H,0].
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Figure 7. Positive and Negative IDS Rosponse As
a Function of Flow Rate

The conclusions drawn trom these studies @8 that difterential diffusion of {onie
clusters from an  alrstroam predominates in the  phisics of the tespouse mechanism.  An
independent study of the IDS mechanisin® has substantiuted the conclusions of this work with
tespoct to the diffusion mechanisi,

*MClure, B, T, and Waletzko, J. A, loutzation Dotector System (IDS) Mochanism. Unpublished wok,
Honeywell, tnc., Minneapotis, Minvesota,
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Iv. SUMMARY.

A. lonic Cluster Mass Spectrometry.

Irrespective of the subtle aspects associated with ion cluster stability, the fact
remains that the techniques producing them offers an opportunity for application to the
detection and analysis of trace compounds in the gas phase. The ability to use atmospheric gases
as reactants considerably extends the practical applicsbility of this technique. Its incorposation
with gas chromatographic analysis of trace compounds (where N, is a common carrier gas) has
many possibilities. Several features that enhance its general attractiveness are: (1) the absence of
a spectrum complicated with fragment jons, (2) high mass peaks directly related to the molecular
weight of the compounds, and (3) sensitivity well below the ppm concentration range.

B.  lonization Detector System.

It has been shown that the charge carriers in the IDS are jonic clusters of water and
trace gas molecules. The ability to use such a system as a detector of trace atmospheric
impurities is obtained from the facts that: (1)ion clusters are readily formed in moist air,
(2) the presence of trace impurities tends to form larger, more stable clusters, rapidly, and
(3) the smaller diffusivities of the large ionic clusters provide a means of separating the clusters
according to size.

Although the IDS responds (with varying sensitivity) to many compounds it is
essentially nonresponsive to ‘“‘normal™ atmospheric pollutants (e.g.. NO,. 80,5, HaS, ete.) and
other compounds of low molecular weight. Therefore, interferences from these substances and
others likely to be found in a realistic environment of its intended use are minimal. Whatever
inadequacies such a system suffers in its lack of specificity for detection are made up in its
inherent sensitivity and its simplicity.
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